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ABSTRACT
Alfve´nic turbulent cascade perpendicular and parallel to the background magnetic field is studied
accounting for anisotropic dispersive effects and turbulent intermittency. The perpendicular disper-
sion and intermittency make the perpendicular-wavenumber magnetic spectra steeper and speed up
production of high ion-cyclotron frequencies by the turbulent cascade. On the contrary, the parallel
dispersion makes the spectra flatter and decelerate the frequency cascade above the ion-cyclotron fre-
quency. Competition of the above factors results in spectral indices distributed in the interval [-2,-3],
where -2 is the index of high-frequency space-filling turbulence, and -3 is the index of low-frequency
intermittent turbulence formed by tube-like fluctuations. Spectra of fully intermittent turbulence fill
a narrower range of spectral indices [-7/3,-3], which almost coincides with the range of indexes mea-
sured in the solar wind. This suggests that the kinetic-scale turbulent spectra are shaped mainly by
dispersion and intermittency. A small mismatch with measured indexes of about 0.1 can be associated
with damping effects not studied here.
Subject headings: MHD and kinetic Alfve´n waves – turbulence – solar corona – solar wind
1. INTRODUCTION
Alfve´nic turbulence, measured in situ by satellites in
the Earth’s space environment (Chaston et al. 2008,
2009; Huang et al. 2012, 2014) and in the solar wind
(Sahraoui et al. 2010; He et al. 2011, 2013; Alexandrova
et al. 2012; Horbury et al. 2012; Salem et al. 2012;
Podesta 2013; Roberts et al. 2013, 2015), extends from
magnetohydrodynamic (MHD) scales down to ion and
even electron kinetic scales. Turbulence at kinetic scales
is often referred to as kinetic Alfve´n turbulence. Theoret-
ical models have shown that kinetic Alfve´n turbulence is
generated naturally through an anisotropic Alfve´n wave
cascade produced by interactions among counterstream-
ing Alfve´n wave packets (e.g., Kraichnan 1965; Goldreich
& Sridhar 1995; Quataert & Gruzinov 1999; Cranmer &
van Ballegooijen 2003; Schekochihin et al. 2009; Bian
et al. 2010; Howes et al. 2011b; Zhao et al. 2013).
Transition of Alfve´nic turbulence from MHD to kinetic
scales depends strongly on the plasma thermal to mag-
netic pressure ratio (β). For example, the low-frequency
turbulent cascade first arrives to the ion gyroradius scale
in β > Q plasmas and to the electron inertial scale in
β < Q plasmas, where Q = me/mi is the electron to ion
mass ratio (e.g., Zhao et al. 2013).
When the cascade reaches kinetic scales, the
Kolomogorov-like spectrum k
−5/3
⊥
of perpendicular mag-
netic and electric fluctuations transforms into the steeper
k
−7/3
⊥
for the magnetic spectrum and the flatter k
−1/3
⊥
for the electric spectrum (e.g., Schekochihin et al. 2009).
The anisotropic scaling kz ∝ k
2/3
⊥
at MHD scales be-
comes kz ∝ k
1/3
⊥
(for β > Q) and kz ∝ k
7/3
⊥
(for β < Q)
at kinetic scales (Zhao et al. 2013), where kz and k⊥
are the wavenumbers parallel and perpendicular to the
background magnetic field B0. Therefore, with the in-
creasing k⊥ the parallel wavenumber kz and the Alfve´n
wave frequency ω (∼ VAkz) are also increasing, where
VA is the Alfve´n speed. When the parallel wave scale
approaches the ion inertial length λi, the Alfve´n wave
frequency approaches the ion-cyclotron frequency ωci,
ω/ωci ∼ λikz ∼ 1. At this point the low-frequency
ω < ωci kinetic Alfve´n turbulence transforms into the
high-frequency ω & ωci kinetic Alfve´n (sometimes named
“quasi-perpendicular whistler”) turbulence. Observa-
tions support the idea that high-frequency Alfve´n waves
can be generated by low-frequency Alfve´n waves via tur-
bulent cascade (Huang et al. 2012). Linear theories also
agree that the kinetic Alfve´n branch can extend from
low- to high-frequency domain (Sahraoui et al. 2012;
Va´sconez et al. 2014; Zhao et al. 2014b).
It is not yet certain what effects make observed turbu-
lent spectra ∝ k−2.8
⊥
(Alexandrova et al. 2012; Sahraoui
et al. 2013) steeper than the regular turbulent spectrum
of KAWs ∝ k
−7/3
⊥
(see Schekochihin et al. 2009, and
references therein). Two feasible mechanisms discussed
recently are Landau damping (Howes et al. 2011) and
intermittency (Boldyrev & Perez 2012). If the turbu-
lent cascade generates high-frequency KAW, the spec-
tra can be modified by dispersive effects of finite λikz .
High-frequency KAWs undergo also ion-cyclotron wave-
particle interactions (e.g., Voitenko & Goossens 2002),
which can contribute to the turbulent spectra in addi-
tion to Landau damping. Kinetic damping leads to the
plasma heating and particles acceleration both along and
across B0 ‖ z, connecting particles to waves in the solar-
terrestrial environments (Marsch 2006). High-frequency
effects in Alfve´nic turbulence are understood much less
than the low-frequency ones.
2Here we use a two-fluid plasma model to investigate
dispersive effects (in particular, of finite ω/ωci ∼ λikz)
and intermittency in Alfve´nic turbulence and explore the
wavenumber and frequency spectra from MHD to kinetic
scales. Influence of damping on the turbulent spectra is
not taken into account, which restricts applicability of
our results to the cases where spectral modifications due
to damping are weak in comparison to the modifications
due to dispersion and intermittency. In Discussion we
argue this is often the case in the solar wind.
In the next Section we introduce a model for
anisotropic Alfve´nic turbulence and corresponding
wavenumber spectra. The steady spectra in the fre-
quency space are presented in Section 3. Effects intro-
duced by the turbulent intermittency are described in
Section 4. Section 5 presents the spectral distributions
in solar flare loops and in solar wind at 1 AU. Section
6 discusses impacts of the injection scales, intermittency
and dissipative effects. The last section presents a sum-
mary of obtained results. In Appendix A the analyti-
cal expressions of the wave variables and their spectral
distributions are derived for low-β plasmas, and in Ap-
pendix B the analytical results are extended to the case
of intermittent turbulence.
2. ANISOTROPIC ALFVE´NIC TURBULENCE
The steady-state spectral properties of Alfve´nic tur-
bulence can be investigated phenomenologically using a
model developed by (e.g., Schekochihin et al. 2009),
where turbulence is stirred initially through collisions
of counterstreaming Alfve´n wave-packets at the (spatial
and temporal) MHD scales. In the collisions, the lo-
cal wave-wave interaction condition as well as the criti-
cal balance condition are assumed to be satisfied. The
latter corresponds to strong Alfve´nic turbulence where
the nonlinear timescale becomes as short as the linear
timescale.
To obtain the steady-state spectrum, one makes use of
linear responses of the Alfve´n mode, namely the quasi-
linear premise (Schekochihin et al. 2009; Howes et al.
2011a; Zhao et al. 2013). Therefore, for the spectrum
of the high-frequency kinetic-scale Alfve´nic turbulence,
one needs the linear relations for high-frequency kinetic
Alfve´n wave (KAW). Recently, Zhao et al. (2014b) de-
rived the linear KAW responses at parallel length-scales
extending down to the ion inertial length and below,
with corresponding frequencies extending to ω ∼ ωci and
above. Below we use these results to obtain the high-
frequency Alfve´nic turbulent spectra and scalings.
In the case of local nonlinear interactions, the spectral
energy flux can be written as (Zhao et al. 2013),
ǫ = C
−3/2
1 k⊥δve⊥δb
2
⊥, (1)
where C1 is of order unity, δve⊥ is the perpendicular elec-
tron velocity fluctuation, and δb⊥ is the perpendicular
magnetic fluctuation in velocity units, δb⊥ ≡ VAδB⊥/B0.
Using the relation
δve⊥ = ω¯Lδb⊥,
we get
δb⊥ = C
1/2
1 ǫ
1/3ω¯−1/3k
−1/3
⊥
L−1/3, (2)
where the normalized frequency of oblique Alfve´n waves
is (Zhao et al. 2014b)
ω¯ ≡
[
R+ 2β
2 (L′ + L2β)
(
1 +
√
1− 4β
L′ + L2β
(R+ 2β)2
)]1/2
,
(3)
with the definitions β = kB (Ti + Te) /
(
miV
2
A
)
, R ≡
1 + ρ2k2
⊥
, L ≡ 1 + λ2ek
2
⊥
, L′ ≡ 1 + λ2ek
2
⊥
+ λ2i k
2
z ,
ρ =
√
kB (Ti + Te) /mi/ωci, λi = VA/ωci, and λe =√
me/miλi. The Alfve´n wave dispersion ω = VAkzω¯ is
valid at the quasi-perpendicular propagations, k2
⊥
/k2z ≫
1, in the MHD and kinetic ranges without restrictions on
ω/ωci.
From the critical balance condition that the linear
Alfve´n time is equal to the nonlinear turnover time
(Goldreich & Sridhar 1995),
ω−1 = (C2δve⊥k⊥)
−1
,
we present the anisotropy scaling relation as
kz = C
1/2
1 C2V
−1
A ǫ
1/3ω¯−1/3k
2/3
⊥
L2/3, (4)
where C2 is a constant of order unity. Note since the
magnetic field is frozen into the electron before the tur-
bulence cascading into electron gyroradius scale, the elec-
tron velocity δve⊥ is used to estimate the nonlinear
turnover time.
Linear relations between electric and magnetic fluctu-
ations are given by
δe⊥ = ω¯Γδb⊥
and
δez = ω¯ (Γ− 1) (kz/k⊥) δb⊥,
where δe⊥ ≡ δE⊥/B0 and δez ≡ δEz/B0. Together with
Equations (2) and (4) one can then obtain the scaling
relations for the electric components:
δe⊥ = C
1/2
1 ǫ
1/3k
−1/3
⊥
ω¯2/3L−1/3Γ, (5)
and
δez = C1C2V
−1
A ǫ
2/3k
−2/3
⊥
ω¯−1/3L1/3 (Γ− 1) , (6)
where Γ ≡ LT˜i +
(
1/ω¯2 − λ2i k
2
z
)
T˜e and T˜e,i ≡
Te,i/ (Te + Ti). The parallel electric field δez in Equa-
tion (6) is usually much smaller than the perpendicular
electric field δe⊥ in Equation (5), but δez can play an
important role in the particles energization along B0.
From Equations (2) and (5) we obtain the following
magnetic and electric power spectra:
Pδb⊥ =k
−1
⊥
δb2⊥
=C1ǫ
2/3ω¯−1/3k
−5/3
⊥
L−1/3, (7)
Pδe⊥ =k
−1
⊥
δe2⊥
=C1ǫ
2/3ω¯4/3k
−5/3
⊥
L−2/3Γ2. (8)
The physical quantities and spectra (2)–(8) reduce to
their MHD counterparts when the kinetic factors ρk⊥,
λek⊥ and λikz vanish. In low-β (β ≪ 1) plasmas, ex-
pressions (2)–(8) can be simplified (see in Appendix A).
3Note that the turbulence scalings in plasmas β ∼ 1 is
nearly the same as that in Q≪ β ≪ 1 due to the similar
properties of KAWs in these plasma environments.
Properties of the spectral scalings and physical quan-
tities are summarized in Table 1 for three β regimes:
inertial (β ≪ Q), transition (β ∼ Q), and kinetic
(Q ≪ β < 1). Electron and ion temperatures are as-
sumed to be equal, Ti = Te, so that ρ ≃ 1.4ρi ≃ 1.4ρs,
where ρi =
√
kBTi/mi/ωci is the ion gyroradius, and
ρs =
√
kBTe/mi/ωci is the ion-acoustic gyroradius.
At MHD scales, where all ρk⊥, λek⊥, and λikz are
small, the scalings shown in Table 1 are consistent with
those described by (Goldreich & Sridhar 1995) for the
strong MHD Alfve´nic turbulence. As the turbulence cas-
cades into the kinetic scales, there can be two cases: (i)
for the large perpendicular kinetic effect λek⊥ > λikz
in the inertial and transition regimes, and ρk⊥ > 1 and
λikz . 1 in the kinetic regime (outside the parenthesis),
and (ii) for the large parallel kinetic effect λikz > λek⊥
in the inertial and transition regimes, and λikz > ρk⊥ in
the kinetic regime (inside the parenthesis). In the latter
case, the wave frequency is larger than the ion cyclotron
frequency, and two limits λek⊥ < λikz ≪ (Q/β)
1/2
and
λikz ≫ max
(
λek⊥, (Q/β)
1/2
)
are used to consider two
different effects in contributing the parallel electric field
δez in Eq. (A3). We see that kz ∝ k
7/3
⊥
(k3
⊥
) in the iner-
tial regime where λek⊥ ≫ 1≫ ρk⊥, and kz ∝ k
2
⊥
(k
5/2
⊥
)
in the transition regime where λek⊥ ∼ ρk⊥ ≫ 1, which
means the turbulence cascade proceeds mainly towards
the B0 direction. We found several new scalings, i.e.,
Pδb⊥ ∝ k
−1
⊥
in the inertial regime and Pδb⊥ ∝ k
−2
⊥
in the
kinetic regime. We also note that the scalings in the iner-
tial regime at ρk⊥ ≫ 1, as well as in the kinetic regime at
λek⊥ ≫ 1, are the same as that in the transition regime.
3. FREQUENCY SPECTRA
Accounting for the anisotropy relation (4), we can
write the scaling of the wave frequency as
ω = C
1/2
1 C2ǫ
1/3ω¯2/3k
2/3
⊥
L2/3, (9)
whose asymptotic forms in low-β plasmas are given in Ta-
ble 1. The power spectra Pδb⊥ (ω) and Pδe⊥ (ω) are found
from the energy balance condition k⊥Pδb⊥,e⊥ (k⊥) =
ωPδb⊥,e⊥ (ω), which also presented in Table 1. Note
that in the inertial regime the wave frequency approaches
ωci as λikz > λek⊥ > 1. It shows that the universal
spectrum Pδb⊥(ω) ∝ ω
−2 arises in all ranges, whereas
Pδe⊥(ω) varies in different limits. The universal fre-
quency spectrum of magnetic power is not a surprising
result, it is rather a direct consequence of the constant
energy flux and critical balance that we assume here.
4. IMPACT OF INTERMITTENCY ON TURBULENT
SPECTRA AND PRODUCTION OF HIGH FREQUENCIES
Our previous analysis assumed a space-filling turbu-
lence where the turbulent fluctuations of any particu-
lar scale cover all the volume occupied by the turbu-
lence. However, Alfve´nic turbulence observed in solar-
terrestrial plasmas often exhibits a non space-filling, i.e.
intermittent character (e.g., Chaston et al. 2008; Huang
et al. 2012; Wu et al. 2013; Chen et al. 2014). Recent
PIC simulations also suggest a non space-filling Alfve´nic
turbulence at kinetic scales (Wu et al. 2013). Two-
fluid simulations by Boldyrev & Perez (2012) and gyroki-
netic simulations by TenBarge & Howes (2013) explored
the intermittent KAW turbulence extending from ion to
electron scale. The spectral index ∼ −8/3 obtained by
Boldyrev & Perez (2012) is similar to the spectrum −2.8
obtained by TenBarge & Howes (2013) (also see Howes
et al. 2011). Both above studies suggest that intermit-
tency affects the spectral scalings in kinetic Alfve´nic tur-
bulence.
Here, we further assume that the Alfve´nic turbulence
is mostly space-filling at the MHD scales but becomes in-
termittent at kinetic scales. Adopting the same approach
as was used by Boldyrev & Perez (2012), in Appendix B
we obtain analytical expressions and steady-state spec-
tra for different kinds of the intermittent Alfve´nic tur-
bulence. The corresponding turbulence scalings are pre-
sented in Table 2, where two kinds of intermittent struc-
tures are considered, sheet-like (α = 1) and tube-like
(α = 2). The normalized wavenumbers are ordered as
λek⊥ ≫ 1 ≫ ρk⊥ in the very low-β plasmas (β < Q);
λek⊥ ∼ ρk⊥ ≫ 1 for the transition β ∼ Q; and
ρk⊥ ≫ 1≫ λek⊥ for β > Q.
The perpendicular wavenumber spectrum (P˜δb⊥ in Ta-
ble 2) is steeper in the intermittent turbulence than in
the space-filling turbulence (Pδb⊥ in Table 1), such that
P˜δb⊥ = k
−α/3
⊥
Pδb⊥ . The same concerns also electric spec-
tra, P˜δe⊥ = k
−α/3
⊥
Pδe⊥ . As α varies between 1 and 2
depending on the fractional content of the sheet- and
tube-like intermittent fluctuations, the magnetic spectral
index spans the range Rint = [−7/3,−3] in the wavenum-
ber range ρik⊥ > 1 and λikz . 1 at Q≪ β ≪ 1. We be-
lieve that the spectra are the same also in β ∼ 1 plasmas
where KAW properties are similar to that at Q≪ β ≪ 1.
Such β values are typical for the solar wind at 1AU.
It is interesting to note that the parallel wavenumber
kz and frequency ω spectra of the intermittent turbulence
(Table 2) are also steeper than the corresponding spec-
tra of the space-filling turbulence (Table 1). It means
that the parallel turbulence scale and wave frequency
in the intermittent turbulence approaches the ion in-
ertial length λi and ion cyclotron frequency ωci faster
than in the space-filling turbulence. In other words,
turbulent intermittency facilitates generation of high-
frequency KAWs by the turbulent cascade. Table 2 also
shows that the magnetic frequency spectrum retains its
original form ∝ ω−2, while the electric frequency spec-
trum varies depending on the β/Q ratio.
Recently, Sahraoui et al. (2013) have analyzed mag-
netic spectra selected from 10 years of Cluster observa-
tions. This analysis has shown that the spectral index at
scales between ion and electron gyroradii is distributed
in the range [−2.5,−3.1] with a peak at about −2.8.
This range is almost the same as the range Rint pre-
dicted for the intermittent turbulence, which suggests
that the kinetic-scale solar wind turbulence is intermit-
tent. A slight (about 0.1) down-shift of the measured
range as compared to Rint may be caused by the dissipa-
tive effects that are not taken into account in the present
study.
5. TWO EXAMPLES
4TABLE 1
Turbulence scalings. Scalings above the ion-cyclotron frequency are shown in parenthesis.
Inertial regime (β ≪ Q) Transition regime (β ∼ Q) Kinetic regime (Q≪ β ≪ 1)
Parameter 1/k⊥ ≫ λe λe ≫ 1/k⊥ ≫ ρ 1/k⊥ ≫ λe ∼ ρ λe ∼ ρ≫ 1/k⊥ 1/k⊥ ≫ ρ ρ≫ 1/k⊥ ≫ λe
Pδb⊥(k⊥) k
−5/3
⊥
k
−7/3
⊥
(k−1
⊥
) k
−5/3
⊥
k−3
⊥
(k−2
⊥
) k
−5/3
⊥
k
−7/3
⊥
(k−2
⊥
)
Pδe⊥(k⊥) k
−5/3
⊥
k
−1/3
⊥
(k−3
⊥
a, k9
⊥
b) k
−5/3
⊥
k⊥(k
5
⊥
) k
−5/3
⊥
k
−1/3
⊥
(k⊥)
δez(k⊥) k
4/3
⊥
k
5/3
⊥
(k⊥
a, k7
⊥
b) k
4/3
⊥
k2
⊥
(k
9/2
⊥
) k
4/3
⊥
k
−1/3
⊥
(k
1/2
⊥
)
kz(k⊥) k
2/3
⊥
k
7/3
⊥
(k3
⊥
) k
2/3
⊥
k2
⊥
(k
5/2
⊥
) k
2/3
⊥
k
1/3
⊥
(k
1/2
⊥
)
ω(k⊥) k
2/3
⊥
k
4/3
⊥
(ω → ωci) k
2/3
⊥
k2
⊥
(k⊥) k
2/3
⊥
k
4/3
⊥
(k⊥)
Pδb⊥ (ω) ω
−2 ω−2 ω−2 ω−2(ω−2) ω−2 ω−2(ω−2)
Pδe⊥ (ω) ω
−2 ω−1/2 ω−2 ω0(ω5) ω−2 ω−1/2(ω)
a a for λek⊥ < λikz ≪ (Q/β)
1/2.
b b for λikz ≫ max(λek⊥, (Q/β)
1/2).
TABLE 2
Turbulence scalings for intermittent kinetic Alfve´n turbulence. Scalings above the ion-cyclotron frequency are shown
in parenthesis.
Inertial regime (β ≪ Q) Transition regime (β ∼ Q) Kinetic regime (Q≪ β ≪ 1)
Parameter sheet-like tube-like sheet-like tube-like sheet-like tube-like
P˜δb⊥(k⊥) k
−8/3
⊥
(k
−4/3
⊥
) k−3
⊥
(k
−5/3
⊥
) k
−10/3
⊥
(k
−7/3
⊥
) k
−11/3
⊥
(k
−8/3
⊥
) k
−8/3
⊥
(k
−7/3
⊥
) k−3
⊥
(k
−8/3
⊥
)
P˜δe⊥(k⊥) k
−2/3
⊥
(k
−10/3
⊥
a
, k
26/3
⊥
b
) k−1
⊥
(k
−11/3
⊥
a
, k
25/3
⊥
b
) k
2/3
⊥
(k
14/3
⊥
) k
1/3
⊥
(k
13/3
⊥
) k
−2/3
⊥
(k
2/3
⊥
) k−1
⊥
(k
1/3
⊥
)
δe˜z(k⊥) k
7/3
⊥
(k
5/3
⊥
a
, k
23/3
⊥
b
) k3
⊥
(k
7/3
⊥
a
, k
25/3
⊥
b
) k
8/3
⊥
(k
31/6
⊥
) k
10/3
⊥
(k
35/6
⊥
) k
1/3
⊥
(k
7/6
⊥
) k
⊥
(k
11/6
⊥
)
k˜z(k⊥) k
8/3
⊥
(k
10/3
⊥
) k3
⊥
(k
11/3
⊥
) k
7/3
⊥
(k
17/6
⊥
) k
8/3
⊥
(k
19/6
⊥
) k
2/3
⊥
(k
5/6
⊥
) k⊥(k
7/6
⊥
)
ω˜(k⊥) k
5/3
⊥
(k
1/3
⊥
) k2
⊥
(k
2/3
⊥
) k
7/3
⊥
(k
4/3
⊥
) k
8/3
⊥
(k
5/3
⊥
) k
5/3
⊥
(k
4/3
⊥
) k2
⊥
(k
5/3
⊥
)
P˜δb⊥ (ω) ω
−2
(
ω−2
)
ω−2
(
ω−2
)
ω−2
(
ω−2
)
ω−2(ω−2) ω−2
(
ω−2
)
ω−2(ω−2)
P˜δe⊥ (ω) ω
−4/5
(
ω−8
a
, ω28
b
)
ω−1
(
ω−5
a
, ω13
b
)
ω−2/7
(
ω13/4
)
ω−1/2(ω11/5) ω−4/5
(
ω1/4
)
ω−1
(
ω−1/5
)
a a for λek⊥ < λikz ≪ (Q/β)
1/2.
b b for λikz ≫ max(λek⊥, (Q/β)
1/2).
5.1. Solar flare loops
Large nonthermal broadening of spectral lines, ob-
served in the solar flares, has been supposed to be pro-
duced by the plasma turbulence (e.g., Alexander at al.
1998 and references therein). Let us consider excitation
of the Alfve´nic turbulence in a solar flare loop with the
length L0z = 5 × 10
6 m, width L0⊥ = 10
4 m, inter-
nal magnetic field B0 ≃ 5 × 10
−2 T, number density
n0 ≃ 10
15 m−3, and temperature Ti = Te ≃ 10
6 K
(Zhao et al. 2013). We have then β ≃ 1.4 × 10−5, and
the KAWs are in the inertial β regime, β < Q. It is
reasonable to assume that the initial fluctuations per-
turbing the loop have the scales that are close to the
loop dimensions, λ0⊥ ≃ L0⊥ and λ0z ≃ L0z, such that
k0z/k0⊥ = 2× 10
−3.
The deduced from spectral observations non-thermal
velocities Vnt = 100−200 km s
−1 (Alexander et al. 1998
and references therein) allow estimating the turbulence
amplitude δB0⊥ at the driving scale k0⊥. Assuming that
the turbulence is driven at MHD scales, and using the
MHD turbulent spectrum ∼ k
−5/3
⊥
, the relation V 2nt ≃
V 2turb gives
V 2nt
V 2A
=
δB2turb
B20
=
δB20⊥
B20
∫ kd
k0⊥
dk⊥
k0⊥
(
k⊥
k0⊥
)−5/3
=
3
2
(
1−
(
kd⊥
k0⊥
)−2/3)
δB20⊥
B20
, (10)
where the contribution originating from the dissipation
scale kd⊥ can be neglected for a wide inertial range
kd⊥/k0⊥ ≫ 1. Then, taking for certainty Vnt = 140 km
s−1, we estimate δB0⊥/B0 ≃ 2× 10
−3 and the perturba-
tive approach is justified. In this case, the critical bal-
ance condition k0z/k0⊥ = δB0⊥/B0 is satisfied already
at the driving scales. The initial wave frequency ω ≃ 43
rad s−1 is 5 orders below the ion cyclotron frequency
ωci ≃ 5× 10
6 rad s−1.
Based on the above parameters, Figure 1 presents spec-
tral scaling for the turbulence in the flare loop. It is seen
that the turbulent cascade arrives to the high ion cy-
clotron frequencies at the perpendicular scales that are
already smaller than the ion gyroradius scale. There-
fore, the scalings of the kinetic Alfve´n turbulence are
mainly defined by the perpendicular dispersive effects
of finite λek⊥, which result in the magnetic spectrum
∝ k
−7/3
⊥
, electric spectrum ∝ k
−1/3
⊥
, anisotropic scale re-
lation kz ∝ k
7/3
⊥
, and frequency scaling ω ∝ k
4/3
⊥
. It is
interesting to observe the increase of the parallel electric
field Ez as the wavelength decreases, which attains large
values Ez ∼ 0.1− 1 V/m at kinetic scales. These values
are larger than the Dreicer field ED = elnΛ/
(
4πǫ0λ
2
D
)
∼
10−2 V/m, so that the turbulence-generated parallel
electric fields may play an important role in the field-
aligned particle acceleration and/or plasma heating in
flare loops. One however should keep in mind that our
results are valid only in the wavenumber ranges where
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Fig. 1.— Steady-state spectral distributions in a typical flare
loop plasma. (a) Normalized energy spectra for δb⊥ (solid line),
and δe⊥ (dashed line). (b) The anisotropy relation. (c) The wave
frequency versus the perpendicular wavenumber. (d) The parallel
electric field versus the perpendicular wavenumber. (e) Normalized
energy spectra of δb⊥ (solid line) and δe⊥ (dashed line) versus the
wave frequency.
damping is relatively weak (see Discussion). At high
wavenumbers one may need to account for dissipative
effects (and for electron dispersive effects at ρek⊥ ≥ 1).
The parallel dispersive effects are not expected to
be significant in the considered here case of the low-
frequency driver perturbing the whole loop. However,
Alfve´nic perturbations excited by kinetic instabilities
may be high-frequency from the very beginning (see e.g.
Voitenko and Goossens 2002), in which case the parallel
dispersive effects of finite λikz must be taken into ac-
count. We also do not discuss here the intermittency
effects because it is difficult to deduce from the available
observations if the turbulence in flare loops is intermit-
tent.
5.2. Solar wind at 1 AU
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Fig. 2.— Steady-state Alfve´n wave spectra in a typical solar
wind plasma. (a) Normalized energy spectra for δb⊥ (solid line),
and δe⊥ (dashed line). (b) The anisotropy relation. (c) The wave
frequency versus the perpendicular wavenumber. (d) The parallel
electric field versus the perpendicular wavenumber. (e) Normalized
energy spectra of δb⊥ (solid line) and δe⊥ (dashed line) versus the
wave frequency.
Typical plasmas parameters are B0 ≃ 11 nT, N0 ≃
9 × 106 m−3, Ti ≃ 1.5 × 10
5 K and Te ≃ 1.4 × 10
5
K in the solar wind at 1 AU (Salem et al. 2012). Here
β ∼ 0.4. We consider high-amplitude magnetic pertur-
bations δB0⊥ ∼ B0, at the isotropic initial (injection)
scales L0z = L0⊥ = 3 × 10
9 m, which imply that the
critical balance is set up at the very beginning. The cor-
responding initial wave frequency ω ≃ 1.7×10−4 rad s−1
is much less as compared to the ion-cyclotron frequency
ωci ≃ 1 rad s
−1. Based on above parameters, the spectral
scalings are presented in Figure 2.
From Figure 2 we see that the wave frequency reaches
the ion cyclotron frequency well above the ion gyroradius
scales. In this case kinetic effects of finite ρik⊥ dominate
kinetic spectral scalings and result in the magnetic spec-
trum ∝ k
−7/3
⊥
, electric spectrum ∝ k
−1/3
⊥
, anisotropy
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Fig. 3.— The spatial and temporal scales, τc and kc, for differ-
ent initial energy injection scale and anisotropy ratio. The solid,
dashed, and dash-dotted lines represent λik0z = 10−5, 10−4 and
10−3, respectively. The plasma parameters used in panels (a1)
and (b1) are the same as that in figure 1; the plasma parameters
in panels (a2) and (b2) are the same as that in figure 2.
scale relation kz ∝ k
1/3
⊥
, and frequency scaling ω ∝ k
4/3
⊥
in the range ρik⊥ > 1 > ρek⊥. Although magnetic am-
plitudes are high at the injection scales, they drop well
below B0 as the turbulence cascades towards the small
scales, such that δB⊥/B0 ∼ 0.05 at the ion gyroradius
scale ρik⊥ = 1 and δB⊥/B0 ∼ 0.005 at the electron gy-
roradius scale ρek⊥ = 1. The sign “−” in front of Ez
in Panel (d) represents the phase shift between Ez and
δB⊥.
However, the above scalings disagree with observed
ones. Sahraoui et al. (2013) have found that magnetic
spectra ∝ k
−7/3
⊥
are unlikely in the kinetic-scale solar
wind turbulence. Most of the observed kinetic-scale spec-
tra are significantly steeper, with the spectral index dis-
tributed in the range [−2.5,−3.1]. The observed range of
spectral indices is very close to that predicted in the pre-
vious section for the intermittent turbulence, [−7/3,−3]
(see also Table II). This suggests that the kinetic-scale
turbulence in the solar wind is intermittent, with the
steepest spectra dominated by the low-frequency tube-
like fluctuations, whereas the flattest spectra indicate the
presence of sheet-like structures and/or high frequencies.
The intermittent character of the solar wind turbulence
at kinetic scales has been supported by recent Cluster
observations of magnetic (Wu et al. 2013) and density
(Chen et al. 2014) fluctuations.
6. DISCUSSION
6.1. Impact of the injection scales on the
excitation of high-frequency KAWs
To further understand the frequency cascade in
Alfve´nic turbulence, it is of interest to estimate the
time required for the wave frequency to cascade from
the initial driving frequency ω = ω0 to the ion cy-
clotron frequency ω = ωci. Assume that the perpen-
dicular wavenumber doubles at each (j-th) cascade step,
k⊥(j) = 2k⊥(j−1). The time of the j-th cascade step
is tj = 2π/ω(k⊥j). If after n cascades, at the critical
wavenumber k⊥c = k⊥(n) the wave frequency reaches
ωci, the time required is τ ∼
∑n
j=1 2π/ω(k⊥j). Figure
3 shows the normalized time scale τc ≡ τ/(2π/ωci) =∑n
j=1(ωci/ω(k⊥j)) and the corresponding perpendicular
wavenumber k⊥c as functions of the initial anisotropy
k0⊥/k0z, for different injection scales λik0z. We see that
the wave frequency can reach ωci in the vicinity of the
plasma kinetic scales. Figure 3 also shows that larger
λik0z and k0z/k0⊥ leads to shorter time τc and smaller
wavenumber k⊥c at which the ion cyclotron frequency
is reached. Thus, detailed comparison of our theoretical
predictions with the satellite observations would require
more definite information on λik0z and k0⊥/k0z, which
are not certain at present.
Earlier studies have shown that the ions of the solar
atmosphere can be accelerated by Alfve´n waves at the
ion cyclotron frequency. It is therefore of interest to con-
sider the generation of such Alfve´n waves by the turbu-
lent cascade. We consider a plasma in the solar active
region (Gary 2001), where B0 = 10
−3 T, n = 1015 m−3,
and T = 3 × 106 K, β ≃ 0.1 and ωci ≃ 10
5 rad/s. The
times for the turbulent cascade to generate Alfve´n waves
at the ion cyclotron frequency are τ ∼ 0.1 s, 1 s, and
10 s for λik0z = 10
−3, 10−4 and 10−5, respectively. The
corresponding spatial scales are L ∼ VAτ ∼ 10
5 m, 106
m, and 107 m, respectively. These scales are smaller
than the global spatial scales ∼ 108 − 109 m (temporal
scales, tens minutes) of the active regions. Therefore,
ion cyclotron Alfve´n waves may be easily excited by the
Alfve´nic turbulence cascade in the solar active regions,
where sources of the initial Alfve´n waves can be convec-
tive motions of the magnetic foot-points, particle fluxes,
and/or magnetic reconnection.
6.2. Impact of intermittency and spectra
contamination by high frequencies
Recent results on solar wind turbulence reported by
Sahraoui et al. (2013) indicate steep spectra at kinetic
scales, with spectral indices distributed in the interval
[−2.5,−3.1]. Such spectra can be formed by the in-
termittent Alfve´nic turbulence, which is supported by
the high intermittency measured in the solar wind tur-
bulence at kinetic scales (Wu et al. 2013; Chen et
al. 2014). Extending analysis below electron gyroradius
scale, Alexandrova et al. (2012) proposed a complex
spectral form ∝ k
−8/3
⊥
exp (−k⊥ρe) which is nearly the
power-law ∝ k
−8/3
⊥
between the ion and electron gyrora-
dius and mostly exponential below the electron gyrora-
dius. The power-low part of the spectrum (∝ k
−8/3
⊥
) may
be formed by the intermittent turbulence with sheet-like
structure (Boldyrev & Perez 2012), and steeper observed
spectra can be formed by adding tube-like structures.
The exponential spectrum drop at k⊥ρe > 1 implies the
appearance of the dissipation range, and may be caused
by the strong electron Landau damping (TenBarge &
Howes 2013). On the other hand, not exponential but
steep power-law spectra below the electron gyroradius
scale were reported by Sahraoui et al. (2010, 2013), who
also suggested possible reasons for that. Further obser-
vations and analysis are needed to distinguish the nature
of turbulence at scales below ρe and to resolve the men-
tioned above controversy. We did not study this range
of scales.
Direct comparisons between spacecraft-frame fre-
quency spectra and theoretical wavenumber spectra may
be complicated by violation of the Taylor hypothesis.
Namely, as we have shown above, the KAW frequency
can increase to ω & ωci, in which case the contribu-
tion of the term ∼ ω to the spacecraft-frame frequency
ωsc = ω+k ·vsw may become as important as the contri-
7bution of Doppler term ∼ k · vsw. Therefore, to explain
the broad index distribution observed by Sahraoui et al.
(2013) (see also Huang et al. 2014), one needs further
analysis of the possible production of high frequencies
and their contribution to the frequency spectra measured
in the spacecraft frame.
It should also be noted that the anisotropy scaling is
kz ∝ k
2/3
⊥
for intermittent low-frequency KAW turbu-
lence formed by the sheet-like fluctuations (Boldyrev &
Perez 2012).
The mentioned above problems call for further inves-
tigations of the role of intermittency in kinetic Alfve´n
turbulence.
6.3. Damping effects
In the low-frequency kinetic Alfve´n turbulence, pos-
sessing parallel electric fields, the proton and electron
Landau damping may dissipate the turbulent energy and
influence spectral transfer. In this study we neglected
these dissipative effects, as well as the ion-cyclotron reso-
nant damping, which needs justifications. To this end we
note that even the strongest resonant damping, based on
the Maxwellian velocity distributions, does not prevent
the super-ion-cyclotron KAWs from propagation. This
can be directly seen from Figs. 3-9 by Sahraoui et al.
(2012) or Fig. 4 by Va´sconez et al. (2014) showing
the KAW kinetic dispersion and damping. Even with
fixed Maxwellian velocity distributions, many dispersion
curves, corresponding to different propagation angles, ex-
tend continuously from sub- to super-ion-cyclotron fre-
quencies without being heavily damped. Say, the rela-
tive damping rates in Fig. 9 by Sahraoui et al. (2012)
are low, γL/ω . 0.2, for super-cyclotron KAWs at the
propagation angles > 80◦. Hence the critically balanced
turbulent cascade, operating at the wave period time-
scale γNL ≃ ω, is still much faster than the dissipation
of super-cyclotron KAWs, γNL ≫ γL.
Influence of damping on the turbulent spectra can be
strong. Cranmer & van Ballegooijen (2003) and Podesta
et al. (2010) have shown that the magnetic spectrum
of low-frequency kinetic Alfve´n turbulence experiences a
fast fall-off between ion and electron scales if the Lan-
dau damping is accounted for. The frequency spectrum
∝ ω−3.2, obtained in numerical simulations by TenBarge
& Howes (2012) for β = 1, is also much steeper than our
∝ ω−2 spectrum, which indicates a strong Landau damp-
ing in their simulations. Indeed, Podesta et al. (2010)
and TenBarge and Howes (2012) used the linear Lan-
dau damping (γMaxwellianL ) assuming Maxwellian velocity
distributions of plasma species. However, this approx-
imation can hardly be applied to the solar wind where
essentially non-Maxwellian particle velocity distributions
(PVDs) are regularly observed.
In accordance to recent analytical estimations
(Voitenko & De Keyser 2011; Borovsky & Gary 2011;
Rudakov et al. 2011; Voitenko & Pierrard 2013) and nu-
merical simulations (Pierrard & Voitenko 2013; Va´sconez
et al. 2014), the local velocity-space plateaus are formed
in the solar wind PVDs by the observed ion-scale tur-
bulence. This conclusion is supported by many in-
situ observations of nonthermal features typical for such
plateaus. Here we refer to the recent paper by He et al.
(2015) demonstrating clear observational evidences of the
quasilinear plateaus rendering γMaxwellianL inappropriate.
The real damping and its influence on the observed spec-
tra are therefore reduced by the particles feedback (see
equation (25) by Voitenko & De Keyser 2011, and fol-
lowing discussions).
To obtain the average spectral index observed in the
solar wind (∼ −2.8 at k⊥ρi > 1) from the regular nondis-
sipative spectral index (∼ −7/3), one needs to add the
index decrement of about −0.47. In accordance to re-
cent findings, this decrement can be provided by damp-
ing (Howes et al. 2011) and/or intermittency (Boldyrev
et al. 2012). As the sheet-like intermittency regularly
appears in simulations (Boldyrev et al. 2012) and re-
duces the spectral index to −8/3, the rest −0.13 can be
attributed to damping. The influence of damping on the
turbulent spectra is therefore small, in which case the
two-fluid model is a good proxy to study KAW turbu-
lent spectra (see e.g. Boldyrev et al. 2012; Va´sconez et
al. 2014). Several damping mechanisms can contribute
to the −0.13 decrement, including Landau damping,
ion-cyclotron damping, non-adiabatic/stochastic heat-
ing, etc. (see e.g. Quataert 1998; Voitenko & Goossens
2004; Chandran et al. 2010).
This conclusion is supported by the two-fluid simu-
lations by Boldyrev & Perez (2012) giving the spectral
index ∼ −8/3, similar to the observed indices and to the
index ∼ −2.8 found in gyrokinetic simulations (Howes
et al. 2011b; TenBarge & Howes 2013). This suggests
that the dissipative effects are not so important for the
turbulent spectra in the solar wind.
When the high-frequency ω ∼ ωci KAWs are excited
by the turbulent cascade, they can undergo the ion-
cyclotron resonance with particles satisfying the resonant
condition ω − nωci = kzvz (Hollweg & Isenberg 2002;
Voitenko & Goossens 2002, 2003). However, this process
depends not solely on the wave frequency, but also on
the wave polarization and plasma properties. In partic-
ular, both the right-hand polarization of KAWs and the
quasilinear modification of the proton velocity distribu-
tion reduce the wave damping at the ion-cyclotron reso-
nance. The right-hand polarization allows also a smooth
extension of the KAW branch above the ion-cyclotron
frequency (Boldyrev et al. 2013). In addition, the ion-
cyclotron resonance is narrow-band (see e.g. Fig. 4 by
Va´sconez et al. 2014), and the turbulent cascade can
jump over the narrow resonant layer and proceed fur-
ther to higher frequencies. These properties of KAWs
explain their observations above the ion-cyclotron fre-
quency (Huang et al. 2012).
6.4. Roles of quasilinear premise and critical
balance
To model the Alfve´nic turbulence we also used a quasi-
linear premise (e.g., Schekochihin et al. 2009). Its valid-
ity has been supported by the gyrokinetic simulations
(i.e., Howes et al. 2011b). The quasilinear premise
has been widely used to distinguish the wave modes in
the dissipation range of the solar wind turbulence (e.g.,
Sahraoui et al. 2010; He et al. 2011; Salem et al. 2012;
Podesta 2013; Roberts et al. 2013, 2015), as well in mod-
eling the kinetic Alfve´n turbulence (i.e., Schekochihin et
al. 2009; Howes et al. 2011a; Voitenko and De Keyser
2011; Boldyrev & Perez 2012; Zhao et al. 2013). The
related assumption of the critical balance between the
8linear Alfve´n propagation timescale and the nonlinear
turnover timescales (Goldreich & Sridhar 1995) is also
regularly used in modeling the strong Alfve´nic turbu-
lence. Simulations of the kinetic Alfve´n turbulence also
support this assumption (e.g., Howes et al. 2011b).
Our model assumes local interactions among counter-
propagating Alfve´nic fluctuations forming the turbu-
lence. Both these assumptions can be violated. The
nonlocal spectral transport (Voitenko & Goossens 2005;
Zhao et al. 2011a, 2011b, 2014a; Howes et al. 2011b)
may contribute to the kinetic-scale spectra and should
be taken into account in more comprehensive models.
Furthermore, the turbulence generated by the nonlinear
interaction between co-propagating waves can produce
much steeper spectra. As was shown by Voitenko and
De Keyser (2011), the nonlinear interactions among co-
propagating KAWs can produce steepest spectra in the
vicinity of the ion gyroscale, Pδb⊥ ∝ k
−3
⊥
for the strong
turbulence and Pδb⊥ ∝ k
−4
⊥
for the weak turbulence. It is
still unknown which interaction (the interaction between
counter-propagating KAWs or the interaction between
co-propagationg KAWs) or both domimates the kinetic
Alfve´n turbulence observed in the solar wind.
At last, we note that the universal frequency spectrum
of the magnetic power Pδb⊥ (ω) ∝ ω
−2 should not surprise
the reader. It is a rather natural consequence of the
constant energy flux and critical balance conditions and
may change only if one or both of the above conditions
are violated. For example, if the wave damping becomes
strong at very small kinetic scales, the spectral energy
flux deceases with k⊥ making spectra steeper.
7. SUMMARY
We develop a semi-phenomenological model of Alfve´nic
turbulence extending from low frequencies ω ≪ ωci at
MHD scales to high frequencies ω & ωci at kinetic scales.
The quasi-stationary turbulent spectra are obtained ac-
counting for the dispersive effects of finite ρik⊥, λek⊥,
and ω/ωci ∼ λikz. New findings are summarized as fol-
lows:
(1) Generation of high frequencies ω/ωci & 1 by the
turbulent cascade is possible and depends on the injec-
tion scale, frequency, and the turbulence state. Larger
driving frequency ω0/ωci and anisotropy k0z/k0⊥ accel-
erate production of ion-cyclotron frequencies ω ∼ ωci.
Large parallel wavenumbers and frequencies are gener-
ated faster in the intermittent turbulence than in the
space-filling one, such that intermittent k˜z ∝ k
α/3
⊥
kz and
ω˜ ∝ k
α/3
⊥
ω, where α = 1 for the sheet-like intermittent
structures and α = 2 for the tube-like.
(2) Parallel dispersive effects at λikz ∼ ω/ωci > 1
make kinetic-scale spectra and scalings flatter. In par-
ticular, the magnetic spectral index is increased by 1/3
as compared to the low-frequency KAW turbulence. In
the space-filling turbulence, Pδb⊥ ∝ k
−2
⊥
for Q ≪ β . 1,
and Pδb⊥ ∝ k
−1
⊥
for β ≪ Q.
(3) At λikz ∼ ω/ωci . 1, the perpendicular disper-
sive effects of finite ρik⊥ (or λek⊥ at β ≪ Q) dom-
inate and the spectra remain nearly the same as in
the low-frequency kinetic Alfve´n turbulence, such that
Pδb⊥ ∝ k
−7/3
⊥
and Pδe⊥ ∝ k
−1/3
⊥
in the space-filling tur-
bulence.
(4) Magnetic and electric power spectra are steeper in
the intermittent turbulence (P˜ ) than in the space-filling
(P ): P˜δb⊥ ∝ k
−α/3
⊥
Pδb⊥ and P˜δe⊥ ∝ k
−α/3
⊥
Pδe⊥ For the
mixed sheet- and tube-like intermittency 1 ≤ α ≤ 2,
which gives the range of possible spectral indices Rint =
[−7/3,−3] for Q≪ β . 1.
(5) The universal frequency spectrum Eδb⊥ (ω) ∝ ω
−2
is found. An apparent contradiction of this universal
spectrum with the non-universal effects of intermittency
(see item 1 above) can be explained by the dominating
cross-field dynamics governing evolution of k⊥, whereas
frequency follows k⊥ via critical balance. In contrast to
Eδb⊥ (ω), the spectral index of electric frequency spectra
Eδe⊥ (ω) varies with the scale range, turbulence inter-
mittency, and plasma β.
(6) A good correspondence of Rint with the range of
measured spectral indexes Robs = [−2.5,−3.1] suggest
that the solar wind turbulence at kinetic scale is inter-
mittent and consists of varying fractions of sheet-like and
tube-like fluctuations. Shallower spectra may indicate
the presence of a fraction of high-frequency fluctuations.
Damping effects are not taken into account in our
study, which is justified if the dispersive and intermit-
tency effects are stronger. In the solar wind the turbulent
spectral index −2.8 is dominated by the inherent non-
linear dynamics, and only small decrement of the index
(about −0.13) can be associated with damping. Weak
damping effects can be consequence of the quasilinear
and/or nonlinear modifications of the particles velocity
distributions, which reduce damping at resonant scales
ρik⊥ > 1.
APPENDIX
WAVE VARIABLES AND SPECTRA IN LOW-β PLASMAS
In low-β (β ≪ 1) plasmas, expressions (2), (4)–(8) can be simplified to
δb⊥=C
1/2
1 ǫ
1/3k
−1/3
⊥
R−1/6L−1/3L′1/6, (A1)
δe⊥=C
1/2
1 ǫ
1/3k
−1/3
⊥
R−2/3L−1/3L′−1/3
[(
1 + ρ2i k
2
⊥
)
L − ρ2sk
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⊥λ
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i k
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z
]
, (A2)
δez=C1C2V
−2
A ǫ
2/3k
4/3
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R−5/6L1/3L′−1/6
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ρ2s
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z
)
− λ2e
(
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, (A3)
kz=C
1/2
1 C2V
−1
A ǫ
1/3k
2/3
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R−1/6L2/3L′1/6, (A4)
ω=C
1/2
1 C2ǫ
1/3k
2/3
⊥
R1/3L2/3L′−1/3, (A5)
Pδb⊥ =C1ǫ
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⊥
R−1/3L−2/3L′1/3, (A6)
9Pδe⊥ =C1ǫ
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⊥
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2
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. (A7)
INTERMITTENT TURBULENCE
Alfve´nic turbulence is in most cases intermittent (non space-filling), and the turbulent fluctuations occupy only a
fraction of volume (see papers by Boldyrev & Perez 2012 and TenBarge & Howes 2013). The probability of intermittent
structures in the fluid turbulence is p (l) ∝ l3−D, where the fractal dimensions are D = 0, 1 and 2 for the ball-like,
tube-like and sheet-like structures (Frisch 1995). As the Alfve´nic turbulent fluctuations are elongated in the direction
of mean magnetic field, the isotropic ball-like fluctuations can hardly be developed. For the remaining two structure
types we define the probability in the wavenumber space instead of the space of scales: p (k⊥) = Cpk
−α
⊥
, where α = 1
and 2 for the sheet-like and tube-like structures, respectively. Then, using the energy flux in the intermittent turbulence
ǫ˜ = p (k⊥)C
−3/2
1 k⊥δv˜e⊥δb˜
2
⊥
, the corresponding wave variables and spectral scalings are found:
δb˜⊥=C
−1/3
p k
α/3
⊥
δb⊥, (B1)
δe˜⊥=C
−1/3
p k
α/3
⊥
δe⊥, (B2)
δe˜z=C
−2/3
p k
2α/3
⊥
δez, (B3)
k˜z=C
−1/3
p k
α/3
⊥
kz , (B4)
ω˜=C−1/3p k
α/3
⊥
ω, (B5)
P˜δb⊥ =C
1/3
p k
−α/3
⊥
Pδb⊥ , (B6)
P˜δe⊥ =C
1/3
p k
−α/3
⊥
Pδe⊥ . (B7)
This work was supported by the Belgian Federal Science Policy Office via Solar-Terrestrial Centre of Excellence
(project Fundamental Science) and via IAP Programme (project P7/08 CHARM); by the European Commission via
FP7 Program (project 313038 STORM), the NNSFC (11303099, 11373070, 11374262, and 41074107); by the MoSTC
(grant 2011CB811402), the NSF of Jiangsu Province (BK2012495), the Key Laboratory of Solar Activity at CAS NAO
(LSA201304), the CAEP, and the ITER-CN (2013GB104004).
REFERENCES
Alexander, D., Harra-Murnion, L. K., Khan, J. I., & Matthews,
S. A. 1998, ApJ, 494, L235
Alexandrova, O., Lacombe, C., Mangeney, A., Grappin, R., &
Maksimovic, M. 2012, ApJ, 760, 121
Bian, N. H., Kontar, E. P., & Brown, J. C. 2010, A&A, 519, A114
Boldyrev, S., & Perez, J. C. 2012, ApJ, 758, L44
Boldyrev, S., Horaites, K., Xia, Q., & Perez, J. C. 2013, ApJ,
777, 41
Borovsky, J. E., & Gary, S. P. 2011, JGR, 116, A07101
Chandran, B. D. G., Li, B., Rogers, B. N., Quataert, E., &
Germaschewski, K. 2010, ApJ, 720, 503
Chaston, C. C., Salem, C., Bonnell, J. W., et al. 2008, PhRvL,
100, 175003
Chaston, C. C., Johnson, J. R., Wilber, M., et al. 2009, PhRvL,
102, 015001
Chen, C. H. K., Sorriso-Valvo, L., Safrankova, J., & Nemecek, Z.
2014, ApJL, 789, L8
Cranmer, S. R., & van Ballegooijen, A. A. 2003, ApJ, 594, 573
Frisch, U 1995 Turbulence: the legacy of A. N. Kolmogorov
Gary, G. A. 2001, SoPh, 203, 71
Goldreich, P., & Sridhar, S. 1995, ApJ, 438, 763
He, J., Marsch, E., Tu, C., Yao, S., & Tian, H. 2011, ApJ, 731, 85
He, J., Tu, C., Marsch, E., Bouroaine, S., & Pei, Z. 2013, ApJ,
773, 72
He, J., Wang, L., Tu, C., Marsch, E., Zong, Q. 2015, ApJL, 800,
L31
Hollweg, J. V., & Isenberg, P. A. 2002, JGR, 107, 1147
Horbury, T. S., Wichs, R., & Chen, C. H. K. 2012, SSRv, 172, 325
Howes, G. G., Tenbarge, J. M., Dorland, W., et al. 2011a PhRvL,
107, 035004
Howes, G. G., Tenbarge, J. M., & Dorland, W. 2011b PhPl, 18,
102305
Huang, S. Y., Zhou, M., Sahraoui, F., et al. 2012, GeoRL, 39,
L11104
Huang, S. Y., Shraoui, F., Deng, X. H. et al. 2014, ApJ, 789, L28
Kraichnan, R. H. 1965, PhFl, 8, 1385
Podesta, J. J., Borovsky, J. E., & Gary, S. P. 2009, ApJ, 712, 685
Podesta, J. J. 2013, SoPh, 286, 529
Pierrard, V., & Voitenko, Y. 2013, SoPh, 288, 355
Marsch, E. 2006, Living Rev. Solar Phys., 3. 1
Quataert, E. 1998, ApJ, 500, 978
Quataert, E., & Gruzinov, A. 1999, ApJ, 520, 248
Roberts, O. W., Li, X., & Li, B. 2013, ApJ, 769, 58
Roberts, O. W., Li, X., & Jeska, L. 2015, ApJ, 802, 2
Sahraoui, F., Goldstein, M. L., Belmont, G., Canu, P., & Rezeau,
L. 2010, PhRvL, 105, 131101
Sahraoui, F., Belmont, G., Goldstein, M. L. 2012, ApJ, 748, 100
Sahraoui, F., Huang, S. Y., Belmont, G. et al. 2013, ApJ, 777, 15
Salem, C. S., Howes, G. G., Sundkvist, D., et al. 2012, ApJ., 745,
L9
Schekochihin, A. A., Cowley, S. C., Dorland, W., et al. 2009,
ApJS, 182, 310
TenBarge, J. M., & Howes, G. G. 2012, PhPl, 19, 055901
TenBarge, J. M., & Howes, G. G. 2013, ApJ, 771, L27
Va´sconez, C. L., Valentini, F., Camporeale, E., Veltri, P., 2014,
PhPl, 21, 112107
Voitenko, Y., & Goossens, M. 2002, SoPh, 206, 285
Voitenko, Y., & Goossens, M. 2003, SSRv, 107, 387
Voitenko, Y., & Goossens, M. 2004, ApJ, 605, L149
Voitenko, Y., & Goossens, M. 2005, JGR, 110, A10S01
Voitenko, Y., & De Keyser, J. 2011, NPGeo, 18, 587
Voitenko, Y., & Pierrard, V. 2013, Sol. Phys., 288, 369
Wu, P., Perri, S., Osman, K. et al. 2013, ApJ, 763, L30
Zhao, J. S., Wu, D., J., & Lu, J. Y. 2011a, PhPl, 18, 032903
Zhao, J. S., Wu, D., J., & Lu, J. Y. 2011b, ApJ, 735, 114
Zhao, J. S., Wu, D. J., & Lu, J. Y. 2013, ApJ, 767, 109
Zhao, J. S., Voitenko, Y., Wu, D. J., & De Keyser, J. 2014a, ApJ,
785, 139
Zhao, J. S., Voitenko, Y., Yu, M. Y., Lu, J. Y., & Wu, D. J.
2014b, ApJ, 793, 107
